Large-area and high-density arrays of AlN nanorods were synthesized at low temperature via a template-free and catalyst-free chemical vapour deposition. The quasi-aligned AlN nanorods were identified to grow along the c-axis and preferentially orient with their growth direction perpendicular to the substrate. Further studies showed that the AlN nanorods were grown on a buffer layer formed at the beginning of the reaction. By changing the flow rate of the carrier gas at the beginning of the reaction, we successfully obtained nanorods with different orientations on the substrate. The Raman spectrum and cathodoluminescence spectrum of the AlN nanorods at room temperature reveal the existence of oxygen-related defects in the nanorods.
Introduction
Large-area and high-density semiconductor nanowire arrays have stimulated extensive interest, because this unique structure can remarkably enhance material performance in practical applications, such as higher output efficiency in light emitting diodes and higher sensitivity in sensors [1] [2] [3] . Owing to the promising potential of III-V nitrides in optoelectronic devices [4] , the fabrication of ordered arrays of these nanowires has become an important topic. Recently, most studies have been focused on the preparation of ordered arrays of GaN nanowires [5] [6] [7] . For example, arrays of InGaN/GaN multiquantum-well nanorods have been fabricated and shown potential uses in high-brightness and high-efficiency light emitting diodes [8] . However, relatively few works have been demonstrated on the fabrications of nanowire arrays of other III-V nitrides so far [9, 10] . Aluminium nitride, one of the important III-V semiconductors, possesses outstanding thermal conductivity, high electrical resistivity and thermal expansion coefficient close to that of silicon [11, 12] . All these properties make AlN an excellent candidate for electrical insulation applications such as microelectronic 4 Author to whom any correspondence should be addressed. packages, power transistors and heat sinks [11, 12] . Other important features of AlN are its high acoustic velocity and large piezoelectric coupling coefficient. The features make AlN an attractive material for surface acoustic wave (SAW) applications, such as SAW filters, resonators and sensors [13, 14] .
The development of new techniques to fabricate largescale and well ordered arrays of III-V nitride nanowires has become an interesting and challenging topic recently. Aluminium nitride nanorods doped with terbium on Si(111) were synthesized by reactive radio-frequency magnetron sputtering using mixtures of Al and TbN as a target [9] . Anodic aluminium oxide as a template was used to prepare arrays of AlN nanowires via a vapour-liquid-solid process [10] . Other than using a template, epitaxial growth was expected to be an excellent approach for the nanorod arrays. Recently, the epitaxial growth of GaN nanorod arrays has been successfully performed on different types of substrates [7] . However, for the fabrications of AlN nanorod arrays, the epitaxial growth was hindered by the leakage of suitable substrates to fit the symmetry and lattice constants of the AlN crystal. To overcome this technical challenge, herein we develop a novel controlled-growth method using chemical vapour deposition (CVD) for the growth of AlN nanorod arrays. The method adopts the basic principle from the epitaxial growth by using a two-stage CVD growth, in which an AlN film is first deposited and subsequently the arrays of AlN nanorods are grown on the top of the film. The process can be achieved by the careful control on the nucleation concentrations of AlN sources deposited on the substrate during the growth. The as-grown arrays of AlN nanorods are well crystallized and oriented along the c-axis direction. Our method of the two-stage growth has provided a convenient route for the preparations of arrays of other III-V nitride nanorods in the absence of templates and metal catalysts.
Experimental section
In a typical procedure, a clean Si(100) substrate was placed in a quartz tube at a position 4.5 cm away from the centre of the furnace. Anhydrous aluminium chloride powder (AlCl 3 , 0.32 g, Acros Chemicals, 98.5%) was loaded into a ceramic boat in a glove box under N 2 atmosphere. Then, the ceramic boat was taken out of the glove box and quickly placed into the quartz tube at the entrance of the furnace. The quartz tube was sealed immediately to avoid of hydrolysis of anhydrous AlCl 3 in air. At the same time, ammonia began to flow to get rid of oxygen and moisture in the quartz tube. Subsequently, the quartz tube was pulled out with the Si substrate inside the furnace and AlCl 3 powder outside the furnace until 950
• C. After that, the quartz tube was pushed into the furnace so that AlCl 3 powder was located at the entrance of the furnace. The whole reaction was kept at 950
• C for 2 h. The ammonia flow rate was maintained at 50 sccm (standard cubic centimetres per minute) for the initial 30 min and then adjusted to 10 sccm for the remaining time. Finally, the furnace was cooled down at a rate of 10
• C min −1 . The as-grown grey substrate was taken out for morphology, structure and property characterization.
The x-ray diffraction (XRD) pattern and x-ray rocking curve of the product was measured on a Bruker D8 x-ray diffractometer equipped with graphite monochromatized Cu Kα radiation (λ = 1.541 78Å). The morphology, size distribution and x-ray energy-dispersive spectroscopy (EDS) analysis were obtained on field emission scanning electron microscopes (JEOL JSM-6700F FESEM). TEM images, highresolution TEM (HRTEM) images and selected area electron diffraction (SAED) patterns of nanorods were taken on a transmission electron microscope (JEOL AEM 2010). The electronic binding energies of AlN were examined by x-ray photoelectron spectroscopy (XPS) using an ESCALab MKII instrument with Mg Kα radiation as the exciting source and with an energy resolution of 1.0 eV. The CL image and spectrum of the arrays were measured at room temperature using a Gatan MonoCL3 system attached to a JEOL JSM-6700F FESEM. The micro-Raman resonant spectrum was recorded at room temperature using the 514.5 nm line of an Ar + ion laser. The scattered light was collected and dispersed by a Dilor XY 800 triple spectrometer and a charge-coupled detector. The spectral resolution with these instruments was typically less than 1 cm −1 .
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Results and discussion
Aluminium nitride nanorod arrays were prepared via a typical chemical vapour deposition process.
Since the volatile compound AlCl 3 was selected as the precursor, the reaction temperature in our case (∼950
• C) is significantly lower than that of the conventional carbothermal reduction and nitridation process for AlN [15, 16] . Moreover, AlCl 3 can effectively promote one-dimensional growth of AlN on the substrate [17, 18] . Figure 1 represents a typical xray diffraction (XRD) pattern of aligned AlN nanorods on a Si(100) substrate grown at 950
• C for 2 h. Only a sharp peak at 36.1
• is observed in this pattern. This peak can be indexed as the (002) reflection of hexagonal phase AlN, indicating that the nanorods preferentially grow along the c-axis direction. None of the oxide compounds were found in the product according to the XRD pattern. The x-ray rocking curve of the arrays, the inset of figure 1, shows a broad peak centred about 18
• and the full width at half maximum (FWHM) of this peak is about 10
• . The appearance of the peak implies that the as-grown nanorods are preferentially oriented with their c-axis direction nearly perpendicular to the substrate.
The morphology and size distribution of the product were examined by field emission scanning electron microscopy (FESEM). As shown in figure 2(a), the entire substrate is coated with uniform and densely packed arrays of AlN nanorods. The nanorods have diameters in the range of 40-100 nm and lengths of 0.5-1.0 µm. A cross-sectional FESEM image of the nanorod arrays (the inset figure in figure 2(a) ) was taken to identify the orientation of the nanorods on the substrate. It is found that the AlN nanorods grow nearly vertically on the substrate and most nanorods are nearly the same height. Figure 2(b) shows a tilted FESEM image of the nanorod arrays. Energy-dispersive x-ray spectroscopy (EDS) analysis reveals that the nanorods are mainly composed of Al and N. Besides, a small quantity of oxygen is present in the spectrum, which might be attributed to the surface oxidation.
Further structural characterization of the AlN nanorods was carried out by transmission electron microscope (TEM). A representative TEM image of a single AlN nanorod with a diameter of 55 nm and length of 370 nm is shown in figure 2(c) . AlN [19, 20] . Although aluminium chloride was used as the reactant, no signal belonging to chlorine was observed in the spectrum. The signal of oxygen maybe came from the surface oxidation, which often happen to the surface of nanostructures.
The Raman spectrum of the arrays was recorded at room temperature using the 514.5 nm line of an Ar + ion laser as the excitation source. Since the space group of the hexagonal phase AlN is C 6v with all atoms occupying C 3v sites, there will be six Raman-active modes (A 1 (TO) + A 1 (LO) + E 1 (TO) + E 1 (LO) + 2E 2 ) in the spectrum. As shown in figure 4(a) , the peaks at ∼434, 520 and 825 cm −1 are attributed to silicon substrates [21] . The peaks located at 616, 653 and 672 cm −1 can be assigned to A 1 (TO), E 2 (high) and E 1 (TO) modes of wurtzite AlN respectively [21, 22] . Compared with the reported data in the literature, the peaks of A 1 (TO), E 1 (TO) and E 2 (high) modes exhibit slight shifts (2-5 cm −1 ) and broader full width at half maximum (FWHM). The shifting and broadening of the modes may result from the interfacial stress between substrates and AlN and/or impurity incorporation in the preparation [21] . The broadening effect leads to the weak peaks located at 890 and 912 cm −1 becoming less obvious. The cathodoluminescence (CL) spectrum of as-grown nanorod arrays was measured at room temperature, as shown in figure 4 (b). It can be seen that only sites where nanorod arrays are located generate strong emission. The corresponding CL spectrum exhibits a violet-band broad peak that can be fitted well by three Gaussian curves with a major peak centred about 2.97 eV (417 nm), a weak peak at 3.37 eV (368 nm) and a shoulder at 3.65 eV (340 nm). The peaks are in fair agreement with the results observed by other groups [23, 24] . Although there are arguments about the specific origin of the peaks, the violet emissions do correlate with impurities in AlN, mainly oxygen-related defects [23, 24] . This result is supported by the data from XPS spectra. The oxygen-related defects in the product may come from the surface oxidation and/or oxygen incorporation during sample preparation.
The formation process of the nanorod arrays was investigated by monitoring the temporal evolution of the product on a substrate. FESEM images of the products at different reaction times are shown in figures 5(a) and (b) respectively. At the beginning of the deposition, the flow rate of NH 3 was maintained as 50 sccm for the first 30 min. As a result, it was seen that the clean and smooth substrate was coated with a slightly rough thin film ( figure 5(a) ). Few nanorods were observed on such a thin film, which indicates that nanorods are formed after this stage. After 30 min, the flow rate of NH 3 was reduced from 50 to 10 sccm. When the reaction was conducted for 1.5 h, aligned nanorods were readily observed on the substrate ( figure 5(b) ). So, it is believed that the formation process of AlN nanorod arrays in our case can be roughly divided into two stages: initial bufferlayer growth and subsequent nanorod growth, as presented in figure 5(c) . In the first stage, a large flow rate of carrier gas was applied. This indicates that a large number of AlN arrive at the surface of the substrate in a short time. Therefore, AlN clusters on the surface are in high supersaturation and have high nucleation concentration. This case easily leads to extensive 2D nucleation and growth of materials on the substrate [25] , which is favourable to the formation of a film. In the second stage, a low flow rate of carrier gas was applied, resulting in the transportation rate of AlN clusters slowing down. The number of AlN clusters arriving at the surface is reduced. So, the supersaturation degree of AlN clusters decreases. In this case, the clusters preferentially deposit on nucleated sites and tend to grow into one-dimensional (1D) nanostructures through the surface diffusion of adatoms [18, 25] . Eventually, the simultaneous 1D growth of high-density nuclei forms the arrays of nanorods. A similar process that consisted of the initial growth of a buffer layer and the subsequent growth of nanorods has also been observed in our studies [25, 26] .
According to this mechanism where aligned nanorods grow from the newly formed buffer layer, such a buffer layer must be critical to the following orientation of nanorods on the substrate. Therefore, the change of initial experimental conditions can affect the orientation of the as-grown nanorods on the substrate. Such a speculation has been proven by our experiment results. As shown in figures 6(a)-(c), only the flow rate of ammonia in the initial 30 min was changed and significantly different orientations of AlN nanorods were observed. When the flow rate of NH 3 was kept as 10 sccm during the whole process, randomly oriented nanorods were observed throughout the substrate ( figure 6(a) ). If the flow rate of NH 3 was increased to 50 sccm for the first 15 min, the arrangement order of the nanorods was obviously improved in figure 6(b) . When the time of the flow of NH 3 at 50 sccm rate was extended to the initial 30 min, quasi-aligned nanorods were observed on the substrate, as shown in figure 6(c) . The results not only confirm our speculation but also provide us with an effective tool to adjust the orientation of nanorods on substrates.
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Besides the orientation of nanorods on the substrates, the shape and aspect ratio of as-obtained nanostructures will vary with the change of experimental conditions. For example, when the flow rate of carrier gas was kept at 50 sccm during the whole process, only thick film with rough surface domains would be obtained ( figure 7(a) ). The size of the domains in the range of 200-350 nm is much larger than that of nanorods. This can be assigned to the quicker growth rate caused by the large flow rate of carrier gas. If the reaction was stopped before the completion, the short nanorods would be obtained on the surface of the thin film ( figure 7(b) ). The diameter of these nanorods is close to the final nanorods, but the height is much less. This result indicates that different aspect ratios of the nanorods can be obtained at different reaction times.
Conclusion
In summary, large-area and high-density arrays of AlN nanorods were synthesized at low temperature via a templatefree and catalyst-free chemical vapour deposition. The quasialigned AlN nanorods grown along the c-axis are preferentially oriented with their growth direction perpendicular to the substrate. It was found that the arrays of AlN nanorods are grown on a film formed at the beginning of the reaction. Based on the proposed mechanism, it has been demonstrated that the orientation of nanorods on the substrate can be controlled by changing the flow rate of the carrier gas. We believe that this growth mode can be expanded to synthesize arrays of other III-V group nanorods. Moreover, the great surface area and regular flow space of nanorod arrays would greatly benefit the heat exchange and photonic emission on the interface in theory. The as-prepared arrays will open up exciting opportunities for the fabrications of high-efficiency and miniaturized heat sinks and high-brightness optical devices based on AlN nanorods.
